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Edited by Maurice MontalAbstract The coat protein of bacteriophage Pf3 is inserted into
the plasma membrane of Escherichia coli by the insertase YidC.
To identify which of the six transmembrane regions of YidC bind
the single-spanning Pf3 coat protein during membrane protein
biogenesis, we used the disulﬁde cross-linking approach. We gen-
erated single cysteines in each of the transmembrane regions of
YidC and in the center of the hydrophobic region of Pf3 coat
protein. We found that the substrate Pf3 coat contacts the ﬁrst
and third transmembrane segment (TM) of YidC as crosslinks
between these two proteins can be formed in vivo during mem-
brane biogenesis. A detailed disulﬁde-mapping study revealed
that one face of TM3 of YidC makes contact with the Pf3 pro-
tein.
Structured summary:
MINT-6795850, MINT-6795869, MINT-6795912, MINT-
6795927, MINT-6795942:
Coat protein (uniprotkb:P03623) binds (MI:0408) YidC
(uniprotkb:P25714) by cross-linking studies (MI:0030)
MINT-6795898:
Coat protein (uniprotkb:P03623) binds (MI:0408) Coat protein
(uniprotkb:P03623) by cross-linking studies (MI:0030)
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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In bacteria, membrane proteins are inserted into the mem-
brane by two unrelated evolutionarily conserved pathways.
The main pathway requires the protein-conducting SecYEG
channel and accessory components SecDFYajC, YidC, and
SecA for membrane protein insertion (for review see [1,2]).
SecY and SecE are related to Sec61a and Sec61c in the ER sys-
tem. The other pathway requires the membrane protein inser-
tase YidC for membrane insertion of Sec-independent
substrates (for review, see [3–5]. YidC is homologous to
Oxa1 and Alb3, respectively, used to insert proteins into the*Corresponding author. Fax: +49 711 459 22238.
E-mail address: andikuhn@uni-hohenheim.de (A. Kuhn).
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doi:10.1016/j.febslet.2008.10.044mitochondrial inner membrane and the plant thylakoid mem-
brane [5].
In both the SecYEG and the YidC only pathways, YidC
comes into contact with the transmembrane segments of mem-
brane protein substrate during the insertion process [6–8].
YidC is critical for membrane protein insertion of Sec-inde-
pendent substrates that use the ‘‘YidC only pathway’’ [9–11].
YidC only substrates include the M13 procoat, Pf3 coat, and
Fo subunit c of the F1Fo ATPase and the MscL protein
[11–15]. YidC substrates that go by the Sec pathway include
subunit a of the F1Fo ATPase, subunit II of the cytochrome
bo oxidase, and Lac permease [16–20]. For Lac permease,
YidC is believed to function as a chaperone for the folding
of the protein.
YidC family members all possess signiﬁcant sequence
homology in the C-terminal region that contains ﬁve trans-
membrane segments [21]. The C-terminal ﬁve transmembrane
segments, in particular transmembrane segment 3, are impor-
tant for function [22,23]. The C-terminal transmembrane re-
gions of the YidC protein may comprise a platform that
binds the substrate and then promotes the insertion of the
hydrophobic region perpendicular to the membrane bilayer
[24].
In this paper, we examine which regions of YidC contact the
substrate during membrane biogenesis. The Pf3 coat protein
was used as the substrate because it is known to crosslink to
YidC in vitro [13]. Using disulﬁde mapping, we found that
we could crosslink the Pf3 coat to YidC via single cysteines lo-
cated in the transmembrane region of Pf3 coat and in the
transmembrane region of YidC in TM1 and TM3.2. Materials and methods
E. coli JS7131 and MK6 were transformed with pMS-Pf3 coat and
pGZ-YidC and then grown in M9 minimal media in the presence of
ampicillin (ﬁnal concentration, 100 lg/ml) and chloramphenicol (ﬁnal
concentration, 25 lg/ml). Depletion of the chromosomally-encoded
YidC was carried out by growth in the presence of 0.2% glucose for
3 h at 37 C. Unless indicated otherwise, the cells were treated with
1 mM isopropyl-thio-galactoside (IPTG) at OD600nm 0.2 for 10 min
to induce expression of Pf3 coat and YidC, and pulse-labelled for
the indicated time by the addition of [35S]-methionine. The cells were
chilled on ice and if indicated, treated with 1 mM freshly prepared cop-
per 1,10-phenanthroline for 10 min [25]. The samples were precipitated
with 20% trichloroacetic acid (TCA), washed with acetone, and resus-
pended in 2% SDS in Tris-buﬀer, pH 8. Immunoprecipitation was
done as described [26] using antiserum to Pf3 virus, his-tag, OmpA,
and leader peptidase. For complementation assays, the JS7131 strain
was transferred with pACYC184 vector with the YidC gene underblished by Elsevier B.V. All rights reserved.
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analysis the cells were converted to spheroplasts as described [25]
and treated with 0.5 mg/ml proteinase K for 1 h on ice. The site-direc-
ted mutations in Pf3 coat and YidC were generated by the Quick
change method with minor modiﬁcations [28]. All mutations were ver-
iﬁed by DNA sequencing of the entire gene.3. Results
3.1. Single cysteine mutants in Pf3 coat and YidC
To investigate which of the regions of YidC contact the Pf3
coat substrate during membrane biogenesis, we used an in vivo
cysteine cross-linking approach. In this approach, a unique
cysteine is placed in both the substrate and the membrane
insertase YidC. We created two single cysteine mutants of
Pf3 coat in the transmembrane region of the protein substrate
and 16 single cysteine mutants of YidC by site-directed muta-
genesis (Fig. 1). The Pf3 mutations replaced the isoleucine and
valine at positions 27 and 28, respectively. Expression of these
Pf3 coat mutants was inducible by adding IPTG to the growth
medium, since the Pf3 genes were cloned into the plasmid
pMS119HE [29]. In YidC, a cysteine residue was placed into
the center of each of the six transmembrane regions at posi-
tions 16, 362, 430, 470, 503 and 520 starting with a protein that
lacks the endogenous cysteine at position 423 (cysteine-less
background). The YidC mutant genes were cloned either into
pACYC184 (for growth complementation) or the pGZ119EH
plasmid (for membrane protein insertion assay). Both of these
plasmids are compatible with the pMS plasmids [29].
3.2. Functionality of the YidC mutants with single cysteines
The functionality of the YidC mutants was determined by
testing whether the single cysteine YidC mutants could com-
plement the YidC depletion strain JS7131. JS7131 has the
YidC gene under the control of the araBAD promoter cloned
into the lambda attachment site and the endogenous YidC
gene was inactivated by a deletion [9]. This strain is arabinose
dependent for growth. JS7131 was transformed with the vari-
ous YidC mutants in pACYC184 and the strain streaked onto
a LB agar plate containing either 0.2% arabinose (Fig. 2A,
Ara) or 0.2% glucose (Fig. 2A, Glc). Fig. 2A shows that all
the YidC cysteine mutants could complement the growth de-periplasm
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Fig. 1. Schematic representation of YidC and Pf3 coat protein and
their topology in the inner membrane of E. coli. The predicted
membrane spanning segments (TM) are indicated by a rectangle and
the amino acid residue numbers ﬂanking the TM region indicated. The
position of the single cysteine mutations are highlighted with a star.fect of the JS7131 strain under glucose conditions where the
chromosomal YidC expression is repressed. Only the negative
control where the JS7131 strain was transformed with the
pMS119 plasmid could not grow on LB agar plates with
0.2% glucose.
Protease mapping studies also veriﬁed that the single cys-
teine YidC mutants were fully functional as a membrane pro-
tein insertase. For these studies, we transformed the YidC
mutants into the arabinose-dependent MK6 strain where, like
the JS7131 strain, the expression of the chromosomal yidC is
under the control of the araBAD promoter but the gene is left
at its original position in the chromosome. The YidC cysteine
mutants were coexpressed with the Pf3-P2 coat protein that en-
codes an extended version of the Pf3 coat protein at the C-ter-
minus to allow immunoprecipitation of the proteinase K
protected fragment (Fig. 2B). MK6 cells with both plasmids
were grown for 3 h in medium containing 0.2% glucose to de-
plete the chromosomal encoded YidC protein. Radiolabelled
cells expressing the YidC mutants and Pf3 coat were subjected
to proteinase K mapping (see Fig. 2 legend for details). Signif-
icantly, when the single cysteine mutants were expressed, eﬃ-
cient insertion of Pf3-P2 does occur as Pf3-P2 is converted to
the shifted form by protease cleavage (see lanes 5–16), but
not when cells without plasmid were depleted of YidC (lane
4; non-digested form of Pf3-P2 accumulated). These studies
veriﬁed that the YidC mutant proteins are functional.3.3. Interaction between the Pf3 coat protein and YidC
To identify the transmembrane domain of YidC that con-
tacts the Pf3 coat substrate during membrane biogenesis, we
used disulﬁde-mapping. In this approach, a stable disulﬁde-
linked YidC-substrate complex will form if the cysteines are
in close proximity under oxidizing conditions. Coexpression
of the Pf3 coat and YidC containing single cysteines were ana-
lyzed under oxidizing conditions to test whether transmem-
brane segments of the substrate and YidC contact each other
at the cysteine positions under oxidizing conditions (Fig. 3).
MK6 cells harbouring a plasmid coding for Pf3-27C and a
plasmid coding for a single cysteine YidC mutant were grown
at 37 C for 3 h in the presence of glucose. The proteins were
expressed by the addition of 1 mM IPTG for 10 min and then
labeled by the addition of [35S]-methionine for 1 min. Then,
one aliquot was incubated with 1 mM copper phenanthroline
for 10 min at 0 C (+CuP lanes), and another aliquot was
placed on ice (CuP). The samples were TCA-precipitated,
resuspended in SDS, and immunoprecipitated with antiserum
to Pf3 phage. The samples were then treated with DTT (CuP)
or not (+CuP) and analyzed on a non-reducing SDS–PAGE
gel. As expected, the addition of the oxidizing agent CuP in-
creases the amount of Pf3 coat dimer with a concomitant de-
crease in the amount of the Pf3 coat monomer (Fig. 3;
compare even and odd lanes). In addition, in the cells that ex-
press Pf3-27C coat and YidC with one cysteine in the trans-
membrane region TM1 or TM3 we observed an additional
band at about 65 kDa which was more intense under oxidizing
conditions (lanes 4 and 8) compared to the reduced conditions
(lanes 3 and 7). Under the reduced condition (lane 3) we ob-
served a slightly lower band at about 60 kDa that probably
corresponds to YidC that dissociated from Pf3 coat protein
on the SDS–PAGE gel after remaining non-covalently bound
during the immunoprecipitation. YidC-Pf3 cross-linking at
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Fig. 2. Functionality of the YidC cysteine mutants. (A) Complementation of growth of the YidC depletion strain MK6 transformed with plasmids
pACYC184 (vector without insert), or with plasmid expressing the YidC423S (cysteine-less YidC), YidC16C, YidC326C, YidC430C, YidC470C,
YidC503C, YidC520C mutants, where the number indicates the position of the single cysteine. (B) Membrane insertion of Pf3-P2 in MK6 cells
bearing the IPTG inducible pMS119 vector containing Pf3-P2 and pGZ119 vector containing the single cysteine YidC mutant. The cells were induced
for 10 min with 1 mM IPTG to express Pf3-P2 and the YidC cysteine mutants followed by pulse-labelling with [35S]-methionine for 1 min, then
chased with non-labelled methionine for 1 min and converted to spheroplasts. One aliquot was treated with proteinase K for 60 min on ice (+PK,
even lanes), whereas another aliquot was untreated (PK, odd lanes). The cells were TCA-precipitated and analyzed by SDS–PAGE and
phosphorimaging. The percentage of digested Pf3-P2 coat protein was determined. The cells without a YidC encoding plasmid were grown in 0.2%
arabinose (lanes 1 and 2) or 0.2% glucose (lanes 3 and 4). Cells bearing the plasmids encoding for the respective YidC mutant were grown in 0.2%
glucose (5–16).
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Fig. 3. The TM1 and TM3 of YidC contact the Pf3 coat protein. MK6 cells bearing the plasmid pMS-Pf3-27C (lanes 1–14) or pMS-Pf3-28C (lanes
15 and 16) and a second plasmid, pGZ119 encoding the respective single cysteine YidC mutant were grown in the presence of 0.2% glucose to deplete
the cells from the chromosomally-encoded YidC. The cells were induced with 1 mM IPTG for 10 min and pulse-labelled with [35S]-methionine for
1 min. One aliquot was put on ice (CuP, odd lanes), whereas the other aliquot was treated with 1 mM copper phenanthroline (+CuP, even lanes) for
10 min. The cells were TCA-precipitated, immunoprecipitated with antibody to the Pf3 virus, and analyzed on a non-reducing SDS–PAGE and
phosphorimaging.
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coexpressed (lanes 15 and 16).
To verify that cross-linking occurs between Pf3 coat and cer-
tain YidC cysteine mutants, we tested whether the 65 kDa
band is immunoprecipitated with an antibody directed to the
10his-tag located at the C-terminus of the YidC-Cys mutant
proteins (Fig. 4A, lanes 2 and 4). Fig. 4A shows with the Pf3
coat 27C and the YidC430C mutant that a 65 kDa band is de-
tected with Pf3 coat antiserum (lane 3) and with the his antise-
rum (lane 4). The 65 kDa band that is recognized by the Pf3
and YidC antibodies has a slightly higher molecular weight
than the 10hisYidC alone (lane 2). As expected, no Pf3 coat
monomers or dimers are observed with the his antiserum (lane
4) while they are detected with Pf3 antiserum (lanes 1 and 3).The oxidized samples were reduced by the addition of 1 mM
DTT and 1 mM EDTA resulting in the dissociation of the
YidC–Pf3 complex (lane 5). No YidC is detected with the
Pf3 coat antiserum in this sample. As a control, cells expressing
the Pf3-27C without a YidC-Cys mutant were analyzed (lanes
6 and 7). No protein was detectable at the position of 65 kDa.
As a control, we show cells with only the YidC430C plasmid
after induction with IPTG (lane M) and the non-induced cells
(lane 8). For a size reference, the sample shown in lane M was
precipitated with OmpA antiserum together with the antise-
rum to YidC-his.
Importantly, the substrate that is crosslinked to YidC during
a 1 min pulse is not accessible to protease. We showed this
using a Pf3 coat that was extended at the C-terminus by the
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Fig. 4. Analysis of the Pf3-YidC crosslinked products. (A) The
crosslinked Pf3-27C – YidC430C is recognized by both antibodies and
can be reduced. MK6 cells with the plasmids encoding Pf3-27C and
YidC430C were pulse-labelled with [35S]-methionine for 1 min, treated
with copper phenanthroline for 10 min (+CuP, lanes 3–5) or were left
untreated (–CuP, lanes 1 and 2). One oxidized aliquot was reduced by
1 mM DTT and 1 mM EDTA (lane 5). The samples were immuno-
precipitated with antibodies to the Pf3 virus (P, lanes 1, 3, 5, and 6),
and to the his10-tag (H, lanes 2, 4, 7, 8, and M). For a control, cells
with only the plasmid encoding Pf3-27C (lanes 6 and 7) and cells with
only the plasmid encoding YidC430C (lanes 8 and M) are shown. They
were grown either in the presence of IPTG or without induction (lane
8). The sample in lane M was precipitated with antibodies to the his-
tag (H) and to OmpA (O), showing YidC430C (Y) and OmpA (O) as
size markers. (B) Cross-linking of YidC to Pf3-P2 that has an extended
carboxyl-terminal domain. MK6 cells expressing YidC-430C was
coexpressed with Pf3-P2 that had a cysteine at position 28. After pulse-
labelling for 1 min, the cells were chilled on ice and an aliquot was
oxidized with CuP for 10 min (+CuP, lanes 3–6). Lanes 1 and 2 show
the samples under non-oxidized conditions (CuP). For the samples in
lanes 5 and 6 the cells were converted to spheroplasts and 0.5 mg/ml
proteinase K was added for 1 h (lane 6). The samples were TCA-
precipitated and immunoprecipitated with antiserum to leader pepti-
dase (L, lanes 1, 3, 5, and 6) and to his-tag (H, lanes M, 2 and 4). YidC
has a his10-tag at the C-terminus. As a size marker, YidC430C is shown
in lane M.
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Fig. 5. The Pf3 substrate interacts with one helical face of YidC TM1
and TM3. Single cysteine mutants of YidC were investigated for cross-
linking with Pf3-27C (A) in TM1 of YidC at positions 14 (lane 1), 15
(lane 2), 16 (lane 3), 17 (lane 4), and 18 (lane 5). For a control, Pf3-16C
was coexpressed with YidC16C (lane 6) and Pf3-27C was coexpressed
with the cysteine-less YidC (lane 7). In TM3 (B), residues 425 (lane 1),
426 (lane 2), 427 (lane 3), 428 (lane 4), 429 (lane 5), 430 (lane 6), and
431 (lane 7), were analyzed for cross-linking with Pf3-27C. The cells
were induced with 1 mM IPTG for 10 min and pulse-labelled with
[35S]-methionine for 30 s and treated with 1 mM copper phenanthro-
line for 10 min. The cells were TCA-precipitated, immunoprecipitated
with antibody to the his-tag recognizing the YidC mutants and
analyzed on a non-reducing SDS–PAGE and by phosphorimaging.
The intensity of the bands were quantiﬁed with the background
subtracted and plotted (Supplementary ﬁg. S1).
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this extension the Pf3-YidC crosslinked product is now
75 kDa in size (Fig. 4B, lane 3, arrowhead). After oxidation,
the cells were converted to spheroplasts and treated with pro-
teinase K. The Pf3-P2 dimers were clipped by the proteinase K
and converted to a protease-protected fragment that was rec-
ognized by the antibody to leader peptidase (Fig. 4B, lane 6),
demonstrating that the dimers were inserted across the mem-
brane. The crosslinked Pf3-P2-YidC was largely resistant to
the protease (Fig. 4B, lane 6) suggesting that the N-terminal
tail of Pf3-P2 was not fully accessible from the periplasmic side
of the membrane.To examine how the YidC TM1 and TM3 regions contact
the Pf3 coat substrate, additional residues within TM1 were
changed to a cysteine at positions 14–18 and in TM3 from res-
idues 425 to 431. Coexpression with Pf3-27C coat protein
showed that the interaction with YidC17C (Fig. 5A) and with
YidC430C (Fig. 5B) is very speciﬁc. As a control, Pf3-16C,
which has a single cysteine in the amino-terminal hydrophilic
region, did not crosslink to YidC16C (Fig. 5A; lane 6). Also,
no crosslink was observed with Pf3-27C when YidC without
a cysteine was coexpressed (lane 7). We veriﬁed that Pf3 coat
and YidC-Cys mutants were expressed at a comparable level
(data not shown).4. Discussion
In this paper, we show that TM1 and TM3 of YidC make
contact with the Pf3 coat protein during membrane biogenesis.
These contacts presumably occur in the substrate binding
pocket of YidC that is important for the membrane insertion
reaction of the Pf3 coat protein. The failure of TM2, TM4,
TM5 and TM6 to eﬃciently crosslink the Pf3 coat protein does
not prove that these regions are not part of the binding pocket.
It is possible that a unproductive positioning of the cysteines in
these regions is the reason that no cross-linking had occurred.
Further experiments are necessary to show whether they are
part of the substrate binding pocket. Crosslinks were observed
between the ﬁrst and third transmembrane segments of YidC
and the transmembrane region of Pf3 coat upon adding the
oxidant copper phenanthroline. These crosslinks are speciﬁc
C. Klenner et al. / FEBS Letters 582 (2008) 3967–3972 3971since they did not occur under reducing conditions. The YidC/
Pf3 coat crosslink was immunoprecipitable with antiserum
against Pf3 coat and against a his-tag that recognized the mu-
tant YidC.
While TM1 is not of general importance to the YidC/Oxa1/
Alb3 family of proteins since many members lack this trans-
membrane segment [21,30], TM3 is of functional importance.
First, deletion of TM3 and TM4 and some single serine muta-
tions in TM3 impairs YidC function [22]. In addition, TM3
(419PLGGCFPLLIQMPIFLALYYMLMGSV444) contains
part of the consensus sequence (see bold residues) within the
YidC family of proteins. Finally, mutations (C423R and
P431L) that confer cold-sensitive growth also are localized in
the YidC TM3 [23].
Exactly what features of the substrate/membrane insertase
are important for binding is not known. However, it seems
probable that hydrophobic forces will be important for this
process since the regions that make contact are hydrophobic
in nature. In addition, it was found that the binding of YidC
to Pf3 coat in detergent was only slightly aﬀected by pH
changes, suggesting that hydrophobicity might be a major
force for binding to YidC [31]. Future studies using mutagen-
esis and cross-linking approaches will address this issue.
The interacting face of the transmembrane helices TM1 and
TM3 were studied showing that the residues 16, 17 and 430
were crosslinked to the Pf3 substrate, residues 427 and 18
showed weak interactions, whereas residues 14, 15, 425, 426,
428, 429 and 431 were not crosslinked. Taken together, the
data clearly show that only one face of TM3 of YidC is inter-
acting with the Pf3 substrate protein.
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